Abstract. Apoptosis and DNA oxidative damage serve significant roles in the pathogenesis of steroid-induced femoral head necrosis. Vitamin E demonstrates anti-apoptotic and anti-oxidant properties. Therefore, the present study investigated the effects of vitamin E on osteocyte apoptosis and DNA oxidative damage in bone marrow hemopoietic cells at an early stage of steroid-induced femoral head osteonecrosis. Japanese white rabbits were randomly divided into three groups (steroid, vitamin E-treated, and control groups), each comprising 12 rabbits. Those in the steroid group (group S) were initially injected twice with an intravenous dose of 100 µg/kg Escherichia coli endotoxin, with a 24 h interval between the two injections, and then with an intramuscular dose of 20 mg/kg methylprednisolone, three times at intervals of 24 h in order to establish a rabbit model of osteonecrosis. The vitamin E treated group (group E) received the same treatment as group S, and were administered 0.6 g/kg/d vitamin E daily from the beginning of modeling. The control group (group C) was injected with normal saline at the equivalent dosage and times as the aforementioned two groups. Two time points, weeks 4 and 6 following the completion of modeling, were selected. Osteonecrosis was verified by histopathology with hematoxylin-eosin staining. The apoptosis rate of osteonecrosis was analyzed by terminal deoxynucleotidyl transferase dUTP nick end labeling assay. The apoptosis expression levels of caspase-3 and B-cell lymphoma 2 (Bcl-2), and DNA oxidative damage of bone marrow hematopoietic cells were analyzed by immunohistochemistry. At weeks 4 and 6 following the completion of modeling, the vacant bone lacunae rates of group E were 15.87±1.97 and 25.09±2.67%, respectively, lower than the results of 20.02±2.21 and 27.79±1.39% for group S; and the osteocyte apoptosis indexes of group E were 20.99±2.95 and 33.93±1.62%, respectively, lower than the results of 26.46±3.37 and 39.90±3.74% from group S. In addition, the Bcl-2 expression at week 4 in the femoral head tissues of group E was higher compared with group S; and the proportion of Bcl-2-positive cells of group E was 9.81±1.01%, higher compared with group S at 8.26±1.13%. The caspase-3 staining data at week 4 in femoral head tissues demonstrated that in the 12 femoral heads of group S, four were negative (32%) and eight were positive (68%); in group E, five were negative (45%) and seven were positive (55%); and in group C, 11 were negative (95%) and one was positive (5%). In addition, the DNA oxidative damage rate at week 4 in the bone marrow hemopoietic cells of group E was (7.24±1.44%), lower compared with group S (11.80±1.26%), and higher compared with group C (5.75±1.47%). Vitamin E is effective in intervening in apoptosis through decreasing caspase-3 expression and upregulating Bcl-2 expression, and by alleviating DNA oxidative damage in bone marrow hemopoietic cells at the early stage of steroid-induced femoral head necrosis in rabbit models.
Introduction
Glucocorticoid has been widely used for treating connective tissue diseases, including systemic lupus erythematosus, nephrotic syndrome and complications following organ transplantation (1) (2) (3) . However, glucocorticoid treatment always induces femoral head necrosis, which, if not properly treated, may cause femoral head collapse and osteoarthritis that consequently requires artificial joint replacement (4, 5) . At present, the incidence of steroid-induced necrosis of the femoral head (SINFH) exceeds trauma-induced femoral head necrosis (6) . However, the pathogenesis of SINFH remains controversial, and the various theories explaining SINFH pathogenesis are predominantly classified into the osteoporosis theory, the lipid metabolism disorders theory, the vasculopathy theory, the intraosseous hypertension theory and the glucocorticoid cytotoxicity theory (7) (8) (9) (10) (11) (12) .
Accumulating evidence indicates that steroids can cause osteocyte, osteoblast and chondrocyte apoptosis, which is the cytological basis for femoral head necrosis (13) . In addition, oxidative stress also serves an important role in SINFH pathogenesis (14) . When cells are stimulated by the external environment, reactive oxygen species (ROS) increase, which alters the balance between the oxidative system and anti-oxidization system of the body, and consequently causes oxidative stress (15) . Furthermore, oxidative stress can cause DNA peroxidation, which results in DNA oxidative damage (16) . It has been reported that steroids can increase ROS and induce oxidative stress (14) .
Vitamin E is an important anti-oxidant substance and can regulate oxidative stress and control the generation of free radicals (17) . It has been reported that vitamin E can markedly reduce the incidence of SINFH in rabbits and may be used for the prevention of SINFH (18) . However, the underlying mechanism of the effect of vitamin E in SINFH has, to the best of our knowledge, never been thoroughly investigated. Therefore, the present study aimed to investigate the effects of vitamin E on osteocyte apoptosis and DNA oxidative damage in bone marrow hemopoietic cells at the early stage of SINFH.
Materials and methods
Animals, grouping and treatment. Healthy Japanese white rabbits at 4 months old (weight, 2.5±0.5 kg) were selected, fed with a standard diet and raised separately. All the animals were supplied by the Test Animal Center of the Inner Mongolia Medical University (Huhhot, China) and the entire experimental procedure was approved by the Ethics Committee of the Inner Mongolia Medical University. The animals were randomly divided into three groups. Based on the modeling method of Yamamoto et al (19) , the Steroid group (group S, n=12) was treated by injecting twice with Escherichia coli (E. coli) endotoxin (100 µg/kg; The National Institute for the Control of Pharmaceutical and Biological Products, Beijing, China) through a marginal ear vein, with a 24 h-interval between the two injections. On the occasion of the second injection with E. coli endotoxin, methylprednisolone (20 mg/kg; Pfizer, Puurs, Belgium) was injected into the right gluteus of the rabbits three times in total, and at intervals of 24 h. The vitamin E treated group (group E, n=12) was treated the same way as the group S, and was fed daily with vitamin E (0.6 g/kg/d; Zhejiang Medicine Co., Ltd., Xinchang Pharmaceutical Factory, Xinchang, China) from the beginning of the experiment. The control group (group C, n=12) was treated with the equivalent volume of normal saline at the same time as the aforementioned two groups. All the experimental animals were administered penicillin by intramuscular injection, 800,000 units per rabbit, twice a week, to prevent infection.
Tissue treatment. Animals in all groups were sacrificed with an intravenous injection dose of 3% sodium pentobarbital (30 mg/kg; Beijing Propbs Biotechnology Co., Ltd., Beijing, China). The animals were euthanized at two time points: Weeks 4 and 6. Left femoral heads were fixed in 5% glutaraldehyde for 1 week, and decalcified for 2 h with 5% nitric acid. The femoral head weight-bearing area was opened along the coronal plane, and 1.0x1.5x1.0 mm 3 tissue samples were obtained from the subchondral area, embedded in paraffin wax and then cut along the coronal plane into 4 µm thick sections. Hematoxylin and eosin (H&E) staining was performed and vacant bone lacunae were counted to establish femoral head necrosis. Right femoral heads were fixed in 10% formaldehyde for 1 week and decalcified for 45 days with 15% EDTA. Then the appearance and color of the bone specimens were noted and the degree of decalcification was established physically.
Histopathology. The pathological change of osteocyte necrosis was always indicated by the percentage of vacant bone lacunae. More specifically, five visual fields were selected and 50 bone lacunae were randomly selected from each to count vacant bone lacunae in each field via optical microscopy, at magnification, x200. These observations were used to estimate the percentage of vacant bone lacunae in the bone lacunae, that is, the vacant bone lacunae rate. The vacant bone lacunae rate in the femoral head subchondral area of a normal grown-up rabbit ranged between 8 and 12%, a higher vacant bone lacunae rate in the femoral head subchondral area in comparable sections indicated osteonecrosis (20) .
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay apoptosis detection.
A TUNEL cell apoptosis test kit was used to test osteocyte apoptosis. TUNEL staining was performed using an in situ cell-death detection kit AP (Roche Diagnostics GmbH, Mannheim, Germany) in accordance with the manufacturer's protocol. Particles stained yellow in a cell nucleus indicated an apoptotic cell. A total of 10 visual fields were randomly selected from each section and imaged via light microscopy, magnification, x200, and 50 osteocytes were counted in each field to calculate apoptotic cell index (number of apoptotic cells/total number of cells in the visual field).
Immunohistochemistry. A caspase-3 colorimetric kit (Wuhan Boster Biological Technology Ltd., Wuhan, China) and B-cell lymphoma 2 (Bcl-2) immunohistochemistry kit (Wuhan Boster Biological Technology Ltd.) were used. For the Bcl-2 assay, the femoral head tissues of each group at week 4 were sectioned, and streptavidin-peroxidase immunohistochemical staining was performed to observe Bcl-2 expression under a light microscope. Positive Bcl-2 expression appeared as intracytoplasmic yellow particles. A known positively stained section was used as a positive control, and PBS instead of primary antibodies was used as a negative control. A total of 10 visual fields were randomly selected under a light microscope at magnification, x200, to calculate the Bcl-2-positive cell percentage. For caspase-3 analysis, femoral head tissues of each group at week 4 were sectioned, and observed with a light microscope. A known positively stained section was used as a positive control, and PBS instead of primary antibodies was used as a negative control. Particles stained a tan color in the cytoplasm indicated a positive result and the scoring method of Cakir et al (21) was used as follows: i) Cytoplasm staining degree; 1, weak staining, stained light yellow or only a very small number of yellow or brown cells; 3, strong staining, the majority of cells are stained yellow or tan; and, 2, medium staining, a staining degree between 1 and 2; and ii) Percentage of stained cells in the cells counted; 0, <1%; 1, 1-5%; 2, 6-50%; 3, 51-75%; and 4, >75%. Finally, the total score of each section was calculated as follows: Total score=staining degree score x stained cell percentage. A total score of ³6 indicated strongly positive (+++), 3-4 medium positive (++), l-2 weakly positive (+) and 0 negative (-) staining.
Assessment of DNA oxidative damage. Accumulation of ROS can cause DNA oxidative damage and 8-hydroxy-2'-deoxyguanosine (8-OHdG) is recognized as a marker for DNA oxidative damage. The monoclonal antibody N45.1 specifically binds with 8-OHdG. Sections were placed into H 2 O 2 with a volume fraction of 0.3% for 30 min incubation at 37˚C, digested with 0.1% trypsin for 15 min, and then reacted with the monoclonal antibody N45.1 (catalog no. ab48508; 1:20; Abcam, Cambridge, UK). The sections were incubated for 2 h at 37˚C, then 3,3'-diaminobenzidine was used for color development for 5 min, and finally H&E staining was performed. Marrow bone hematopoietic cells included hematopoietic stem cells, myeloid stem cells, lymphoid stem cells and their differentiated cells. Five visual fields were randomly selected to count marrow bone hematopoietic cells with DNA oxidative damage, 50 marrow bone hematopoietic cells were counted in each field to calculate the percentage of count marrow bone hematopoietic cells with DNA oxidative damage in total marrow bone hematopoietic cells, that is, the DNA oxidative damage rate of marrow bone hematopoietic cells.
Statistical analysis. All the data were in the form of mean ± standard deviation, and SPSS software version 13.0 (SPSS, Inc., Chicago, IL, USA) was used for statistical analysis. The statistical test of vacant bone lacunae rate and osteocyte apoptosis index was carried out by the variance analysis method for completely randomized design. Pairwise comparison of several specimens' averages was carried out by least significant difference. Correlation analysis was carried out using Person correlation analysis and linear regression analysis methods. P<0.05 was considered to indicate a statistically significant difference. An independent sample t-test was carried out for comparing all Bcl-2 test data, and P<0.01 was considered to indicate a statistically significant difference. For caspase-3 test results, Fisher's exact probability in a 2x2 table was adopted for pairwise specimen rate difference test. A t-test was carried to the resulting quantitative data, or t-test in case of heterogeneity of variance. P<0.05 was considered to indicate a statistically significant difference.
Results
Histopathological changes. At week 4, group S femoral head pathological sections exhibited typical osteonecrosis; bone trabeculae were fewer and thinner, became broken, fragmented and structurally disordered, intraosseous adipose cells became enlarged, the arrangement of the osteoblasts became irregular and vacant bone lacunae increased (Fig. 1A) . In group E the bone trabeculae in the subchondral area of femoral head were fewer and thinner, a number bone lacunae became empty and empty bone lacunae were distributed locally, abundant hematopoietic cells existed in the medullary space and there was an increase in the numbers of mast adipose cells (Fig. 1B) . In group C the bone trabeculae remained intact, well organized, dense and complete, and the osteocytes had big and central cell nuclei (Fig. 1C) .
At week 6, group S sections demonstrated osteocyte necrosis, including karyopyknosis, karyolysis and karyorrhexis; more bone lacunae vacuoles occurred, intramedullary vessels were compressed, vascular lumens became narrow and fat embolus and thrombus were observed (Fig. 1D) . In group E, bone trabeculae in the femoral head subchondral area were Figure 1 . Histological appearance of the femoral heads of rabbits in the three groups at weeks 4 and 6 (hematoxylin-eosin staining, original magnification, x200). (A) Group S, (B) group E and (C) group C at week 4. (D) Group S, (E) group E and (F) group C at week 6. The black arrows indicate empty osteocytic lacunae in the bone trabeculae. It was evident that there were more empty osteocytic lacunae in group S. Group S, steroid group; Group E, vitamin E-treated group; Group C, control group. thin and fragile, hematopoietic cells in the medullary space became scarcer, the number of mast adipose cells increased and the number of soft bone lacunae vacuoles increased (Fig. 1E) . In the group C sections, bone trabeculae remained intact, well organized, dense and complete, and the osteocytes had big and central cell nuclei (Fig. 1F) . In group S, the rate of vacant bone lacunae demonstrated significant differences compared with group C at weeks 4 and 6 (P<0.01); compared with the group E, there was a statistical significance at weeks 4 and 6 (P<0.05). The average vacant bone lacunae rates of each group at weeks 4 and 6 are presented in Fig. 2. TUNEL apoptosis. Osteocyte apoptosis was examined in each group at weeks 4 and 6 following modeling (Fig. 3) . As presented in Fig. 3 , apoptotic osteocytes (cells with yellow particles in the bone lacunae were apoptotic) were mainly in group S (Fig. 3A and D) and a large number of apoptotic osteocytes were observed in the bone trabeculae; in group E ( Fig. 3B and E) , apoptotic osteocytes were fewer compared with group S; and a small number of apoptotic osteocytes were identified in group C (Fig. 3C and F) . The apoptosis index of osteocytes in each group at weeks 4 and 6 are presented in Fig. 4 . These findings indicated that treatment with vitamin E inhibited steroid-induced osteocyte apoptosis.
Expression of caspase-3 and Bcl-2.
The expression of two apoptosis-associated proteins, Bcl-2 and caspase-3, was examined in each group at week 4 of the model (Fig. 5 ) and the proportion of Bcl-2 positive cells was counted (Fig. 6 ). Bcl-2 is an inhibitor of cell apoptosis. In group S, numerous cells demonstrated positive expression of Bcl-2 (Fig. 5A) , the proportion of positive cells was 8.26±1.13% (Fig. 6) . In group E, there were more cells expressing Bcl-2 (Fig. 5B) ; the proportion of positive cells was 9.81±1.01% (Fig. 6) . In group C, cells expressing Bcl-2 were the majority (Fig. 5C) ; the proportion of positive cells was 12.60±1.03% (Fig. 6) . Subsequently, the expression of caspase-3 was examined in each group at week 4 of the model. As presented in Table I , in Figure 2 . Rate of empty lacunae in the three groups at weeks 4 and 6. In group S, the rate of vacant bone lacunae demonstrated significant differences compared with group C at weeks 4 and 6 (P<0.01); compared with the group E, there was a statistical significance at weeks 4 and 6 (P<0.05). Values are expressed as mean ± standard deviation (n=8). ▲ P<0.01 vs. group C; * P<0.05 vs. group E. Group S, steroid group; group E, vitamin E-treated group; group C, control group. In group S, the apoptosis index of osteocyte demonstrated significant differences compared with group C at weeks 4 and 6 (P<0.01); compared with the group E, there was a statistical significance at weeks 4 and 6 (P<0.05). Values are expressed as mean ± standard deviation (n=8). ▲ P<0.01 vs. group C; * P<0.05 vs. group E. Group S, steroid group; group E, vitamin E-treated group; group C, control group. Figure 5 . Expression of Bcl-2 and caspase-3 with immunohistochemical staining in femoral heads of rabbits at week 4 after modeling (original magnification, x200). Bcl-2 staining was performed on (A) group S, (B) group E and (C) group C, and caspase-3 staining was also performed on (D) group S, (E) group E and (F) group C The positive staining is brown (black arrows), and the staining in group S was less intense compared with groups E and C. The positive staining is brown (black arrows) and the staining in the group S was more intense compared with groups E and C. Bcl-2, B-cell lymphoma 2; group S, steroid group; group E, vitamin E-treated group; group C, control group. Figure 6 . Average staining area of Bcl-2 in the three groups at week 4. In group S, the proportion of positive cells demonstrated significant differences compared with group C at week 4 (P<0.01); compared with the group E, there was a statistical significance at week 4 (P<0.05). Values are expressed as mean ± standard deviation (n=8). ▲ P<0.01 vs. group C; * P<0.05 vs. group E. Bcl-2, B-cell lymphoma 2; group S, steroid group; group E, vitamin E-treated group; group C, control group. the 12 femoral heads (bilateral femoral heads, 6x2) of group S, four were negative (32%), and eight were positive (68%), of which two were weakly positive (18%), five were medium positive (38%), and one was strongly positive (12%; Fig. 5D ). In the 12 femoral heads (bilateral femoral heads: 6x2) of group E, five were negative (45%), and seven were positive (55%), of which three were weakly positive (18%), three were medium positive (27%), and one was strongly positive (10%; Fig. 5E ). In the 12 femoral heads (bilateral femoral heads: 6x2) of group C, 11 were negative (95%), and one was weakly positive (5%); none was medium or strongly positive (Fig. 5F) . Accordingly, the data from the present study suggest that vitamin E suppresses the steroid-induced downregulation of anti-apoptotic Bcl-2 in addition to the upregulation of pro-apoptotic caspase-3 in osteocytes, and thus inhibits steroid-induced osteocyte apoptosis.
Assessment of DNA oxidative damage in marrow bone hematopoietic cells. The DNA oxidative damage of bone marrow hemopoietic cells was investigated in groups S (Fig. 7A) , E (Fig. 7B) and C (Fig. 7C) at week 4 following the modeling. As presented in Fig. 8 , the DNA oxidative damage rate of marrow bone hematopoietic cells of group E was lower (7.24±1.44%) compared with group S (11.80±1.26%), while higher compared with group C (5.75±1.47%). These data suggested an inhibitory effect of vitamin E on the DNA oxidative damage in bone marrow hemopoietic cells at an early stage of SINFH.
Discussion
Oxidative stress is caused by ROS accumulation or the dysfunction of ROS clearance and/or oxidative damage repair capability. ROS can activate the JNK pathway in osteoblasts, inactivate the ERK-l/2 and Akt pathways, and induce osteoblast apoptosis (22) . Reduced glutathione (GSH) is necessary for maintaining the oxidative balance in the body, while the oxidative stress inducer buthionine sulfoximine can cause femoral head necrosis by inhibiting GSH synthesis (23) , thus indicating that steroids can increase ROS. In addition, ROS can cause protein structure mutation or biological deactivation, DNA strand breakage, DNA locus mutation, DNA double-strand aberration, and finally cause oxidative damage (24) . In the present study, it was demonstrated that the Figure 7 . Immunohistochemical staining of 8-hydroxy-2'-deoxyguanosine assay for DNA oxidative damage of marrow bone hematopoietic cells in femoral heads of rabbits in groups (A) S, (B) E an (C) C at week 4 after modeling (original magnification, x200). The black arrows represent positive hematopoietic cells. It was evident that there were more positive hematopoietic cells in group S. Group S, steroid group; group E, vitamin E-treated group; group C, control group. Figure 8 . DNA oxidative damage rate of marrow bone hematopoietic cells in the three groups at week 4. In group S, the DNA oxidative damage rate of marrow bone hematopoietic cells demonstrated significant differences compared with group C at week 4 (P<0.01); compared with the group E, there was a statistical significance at week 4 (P<0.05). Values are expressed as mean ± standard deviation (n=8). ▲ P<0.01 vs. group C; * P<0.05 vs. group E. Group S, steroid group; Group E, vitamin E-treated group; Group C, control group. Table I . Positive expression of caspase-3 at week 4. DNA oxidative damage of marrow bone hematopoietic cells following exposure to steroids was markedly greater compared with the control group. A previous study (25) indicated that anti-oxidants can effectively eliminate free radicals or maintain the dynamic equilibrium of free radicals, and thus contribute to maintaining normal cell metabolism and preventing DNA damage. Vitamin E is a powerful free radical scavenger, interacting with active free radicals and changing lipid peroxide into hydroxyl lipid (26) . Furthermore, vitamin E can inhibit oxidative enzymes and activate the anti-oxidase system (27) . Therefore, administration of vitamin E can facilitate anti-oxidant capacity and protect DNA from free radical attack. A previous study (18) identified that vitamin E may inhibit the occurrence of SINFH in rabbits. However, the underlying mechanism remains to be elucidated. In the present study, the DNA oxidative damage in marrow bone hematopoietic cells following treatment with vitamin E was significantly decreased compared with the model group, suggesting that vitamin E may suppress the oxidative stress reaction and alleviate steroid-induced bone injury via the inhibition of DNA oxidative damage in marrow bone hematopoietic cells.
Number of samples
Glucocorticoid is recognized as an inducer of cell apoptosis (28) . Long-term exposure to glucocorticoid or exposure to high levels of glucocorticoid directly leads to the apoptosis of osteoblasts, osteocytes and osteoclasts (29) . In addition, Weinstein et al (30) suggested that glucocorticoid can also cause femoral head necrosis. Kogianni et al (31) demonstrated that cell apoptosis occurred in steroid-induced femoral head necrosis from the perspective of Fas cell surface death receptor/CD95. Kabata et al (32) demonstrated that in SINFH, a large number of osteoblasts and osteoclasts become apoptotic, and, as apoptosis continues, osteoporosis is caused, the mechanical bearing structure of the bone is damaged, the femoral heads in the weight-bearing area become flattened and collapse, and ultimately femoral head necrosis is caused. The present study indicated that the number of apoptotic cells was directly proportional to the duration of exposure to steroids. In addition, steroid treatment was associated with the downregulation of Bcl-2, an inhibitor of cell apoptosis (33) .
The core mechanism of cell apoptosis is the activation of the caspase family, which is an important molecule group for regulating cell apoptosis, and serves a crucial executor role in cell apoptosis (34) . The caspase family can directly split cell structure, prevent DNA repair and interfere with DNA and RNA assembly by degrading nuclear lamina and the connection between apoptotic and surrounding cells; furthermore, caspases can break the nuclear structure and generate apoptotic bodies (35) . For example, activated caspase-3 affects DNA replication and transcription, and damages DNA repair (36) . In addition, caspase-3 and Bcl-2 control cell apoptosis separately without mutual interference. In normal osteocytes, Bcl-2 inhibits apoptosis by preventing apoptosis signaling (37) . The present study demonstrated that Bcl-2 expression in the osteocytes of group S was lower compared with group C. In animal models with SINFH, treatment with steroids reduced the expression of Bcl-2 and increased the expression of caspase-3, and thus the apoptosis of osteocytes is upregulated, which consequently causes femoral head necrosis.
A previous study suggested that vitamin E has the potential to be used as an anti-oxidant for inhibition of thioacetamide-induced caspase activation and hepatic cell apoptosis (38) . Vitamin E also suppresses pulmonary epithelial cell apoptosis via decreasing tumor necrosis factor and myeloperoxidase (39) . When used jointly with vitamin C, vitamin E increases the Bcl-2 level in mitochondria and decreases the level of Bcl-2-like protein 4, suppresses the release of cytochrome C, activates caspase-9 and caspase-3, and thus, inhibits myocardial cell apoptosis (40) . In the present study, it is suggested that vitamin E may inhibit steroid-induced osteocyte apoptosis and DNA oxidative damage in bone marrow hemopoietic cells, potentially via upregulation of Bcl-2 and downregulation of caspase-3. Therefore, vitamin E may be used for the prevention of steroid-induced bone damage.
